Abstract. This paper is dedicated to the role of cyclodextrins in new formulations for the treatment of infections with Mycobacterium tuberculosis that are in the process of design and development. Cyclodextrins play the role of solubilizing agents and promoters of the antimycobacterial substances penetration inside the mycobacterial cell. Different formulations and their advantages and disadvantages are discussed.
Introduction
Tuberculosis is one of the deadliest infectious diseases killing annually 1.5 million people worldwide. The major problems connected with the tuberculosis treatment are: strong side effects of the majority of the existent antituberculosis drugs, long duration of treatment, high dosage, unpleasant organoleptic properties and high frequency of administration. These factors very often cause the lack of compliance of the patient with treatment. The last fact in association with low bioavailability and insuffi cient enantiomeric purity of some antituberculosis drugs, all together, lead to development of drug-resistant (DRTB), multiple drug-resistant (MDRTB), and extensively drug-resistant (XTRB) tuberculosis.
The problem with tuberculosis puts the Republic of Moldova among the top fi ve European countries with high rate of new infections. The current situation becomes more complicated because of high percentage (approx. 25%) of MDRTB infections, with proportion of previously treated cases that became MDRTB reaching 65.1% [1] .
In order to resolve the problem a multidisciplinary approach is needed. One of the possibilities can be introduction of more patient-friendly types of antituberculosis drugs with lower frequency of administrations, shorter time of treatment, lower doses and fewer side effects. For the development of such drugs a wide knowledge in phthisiology and tuberculosis drugs chemistry is needed.
For improvement of the effi ciency of new antituberculosis formulations and reduction of their side effects and time of treatment, new formulations with cyclodextrins have been proposed. Different formulations and their advantages and disadvantages are further discussed.
Different approaches to improve the effi ciency of antituberculosis drugs
In order to reduce duration of treatment, frequency and quantity of the administered doses of drugs, to avoid fi rst pass effect and to reduce the side effects, new antituberculosis drug entities and different micro-and nanoparticle based systems for nebulisation have been proposed.
Thus, in the fi eld of the micro-and nanoparticulate systems, a lyposomal system loaded with rifampicin is known. The system contains phosphatidile choline and cholesterol as main vehicles. In order to increase the specifi city of the system accumulation in macrophages, it has been covered with macrophag-specifi c ligands -O-stearyl amylopectin and maleylated bovine serum albumin [2] .
The main disadvantages of this system are: -susceptibility to phospholipid oxidation, and as consequence, lower stability; -increased costs of the production technology; -short half-life time in the body. Many similar compositions developed by the leading specialists in the fi eld are known [3] [4] [5] [6] [7] [8] . The closest by composition known microparticulate systems are gelatin based microparticles covered with manosyl groups and loaded with isoniazid [9] , and microspheres based on alginate-chitozan used for transport of different anti-tuberculosis drugs [10] .
The main disadvantage of these systems is the fact that they only facilitate accumulation of drugs in the macrophages, but do not facilitate their penetration in the mycobacterial cell.
In the fi eld of new anti-mycobacterial drugs, recently, many groups of researchers have proposed entities from different chemical classes: thiolactomycins [11] , benzothiazones [12] , substituted quinolinyl chalcones [13] , cinnamic derivatives [14] .
Development of new classes of anti-tuberculosis drugs is in permanent emergency since the resistance to older ones appears sooner than the new ones are registered.
Cyclodextrins and their role in anti-mycobacterial formulations
Cyclodextrins are a family of cyclic natural oligosaccharides and their semi-synthetic derivatives. Naturally occurring α-, β-, and γ-cyclodextrins are torus-like macro-rings built up from 6, 7, and 8 glucopyranose units, respectively (Table 1) . As a consequence of 4 C 1 conformation of the glucopyranose moieties, all the primary hydroxyl groups are situated on the one edge of the torus, while all the secondary ones are situated on the other. The internal cavity of the cyclodextrins is lined by the hydrogen atoms and the glycosidic oxygen bridges, which produce a high electron density, causing some hydrophobicity [15] .
In an aqueous solution, the cyclodextrins' cavity is fi lled with water molecules that are energetically unfavored due to polar-non-polar interactions and, therefore, can be readily substituted by any less polar guest-molecule added to the solution.
The main reasons of cyclodextrins popularity as hosts for inclusion of different substances are: they are produced from a renewable natural material (starch) Previously, a number of antimycobacterial formulations containing cyclodextrins have been proposed. Many of them contain complexes of an antimycobacterial drug with cyclodextrin with purpose to increase the solubility of the drug and reduce its toxicity. Thus complexes of rifampicin with sucralose and β-cyclodextrins have been proposed for pulmonary delivery [16, 17] . The role of the cyclodextrins under this study was to enhance the solubility and permeation of poorly water soluble rifampicin through the biological membranes. As such, cyclodextrins act as permeation enhancers by carrying the drug through the aqueous barriers which exists before the lipophilic surface of biological membranes [16] .
Similar complexes have been obtained for other antituberculosis agents: pirazinamide [18] , isoniazid [19, 20] . Another formulation includes cyclodextrin nanoparticles/microparticles containing rifabutin is implied for oral, intravenous or intramuscular administration. According to the invention authors, the main role of cyclodextrins in this formulation is to enhance solubility of rifabutin [21] .
Besides the use of cyclodextrins as pharmaceutical auxiliary agents, they have started to attract a lot of attention due to their intrinsic biological activity or physiological effects that are specifi c for their derivatives. Thus, carboxyl thio ether derivatives of γCD are used as a new class of selective relaxant binding agents [22] . Some βCD derivatives proved to inhibit anthrax lethal toxin by blocking the transmembrane pore formed by its protective antigen subunit [23, 24] , others are effective in inhibition of α-hemolysin playing important role in the pathogenesis of Staphilococcus aureus, a bacteria that causes severe forms of pneumonia [25] . Interestingly, cyclodextrins have also been proven to have lysis activity against certain strains of Bacillus, but not against other Gram-positive or Gram-negative bacteria [26] .
The types of biological activity of cyclodextrins important for their use in medicine were classifi ed in [27] as follows:
effects based on the ability of cyclodextrins to form inclusion complexes with exogenous substances -as guest molecules; effects based on the ability of cyclodextrins to form inclusion complexes with endogenous substances -as guest molecules; effects based on the chemical nature of cyclodextrins and their derivatives; -effects based on the ability of cyclodextrins to block endogenous and exogenous macromolecules. -All these types of activity have been analyzed by us as useful for antifungal formulations [28] . We have suggested that complexation of cholesterol by cyclodextrins can be used to increase the permeability of the mycobacterial cell wall for penetration by antimycobacterial compounds. Thus, we have proposed to obtain new nanoencapsulated in cyclodextrins antituberculosis remedies with higher effi ciency and fewer side effects as compared to the existing drugs [29] . In the proposed formulation, cyclodextrins play the roles of solubilizing agents and promoters of the antimycobacterial substances penetration inside the mycobacterial cell. The nano-encapsulated drugs are then loaded into the alginate-chitosan microparticles that help them penetrate into macrophages infected with M. tuberculosis [30] .
Preliminary results (unpublished) of the biological tests of antimycobacterial activity of the obtained substances and systems have demonstrated that antituberculosis effi ciency of the studied substances changes in association with different cyclodextrins. Thus, β-cyclodextrin, one of the naturally occurring cyclodextrins, seems to enhance antituberculosis activity of the associated oxadiazole derivative, while sulfobutyl ether of β-cyclodextrin does not have this infl uence. This observation might be explained by the fact that sulfobutyl ether of β-cyclodextrin possesses certain level of charge of the molecule due to the presence of sulfobutyl ether groups, which makes it less suitable for cholesterol complexation than simple β-cyclodextrin. Namely cholesterol complexation is considered to be in the core of mechanism of cyclodextrins activity as promoters of antituberculosis compounds penetration through the mycobacterial cell wall (Figure 1) . It has been demonstrated before that in the case of Mycobacterium tuberculosis cyclodextrins extract cholesterol deposited in the mycobacterial cell wall [31] that leads to disorganization of the protective lipid bilayer and, thus, increases its permeability for drug molecules [32] .
βCDs are particularly effi cient sterol acceptors, apparently because the size of their inner hydrophobic cavity matches the size of the sterol molecule ( Figure 2) . As a more potent cholesterol-extracting agent, a randomly methylated derivative of βCD is usually used.
Thus, the studies performed by Castagne and collaborators [33] have shown that the high substituted dimethyl-βCD (D.S. 2.0) and randomly methylated βCD (D.S. 1.8) are effi cient cholesterol solubilizers or extractors from cell membranes. Molecular modeling studies performed by this group have also indicated that 1:1 complexes of cholesterol with these cyclodextrins are not favorable, while all four 1:2 conformations are possible. Trimethyl-β-cyclodextrin (D.S. 3.0) showed an unexpected behavior not being able to extract high amounts of cholesterol despite its good solubilizing properties. Moreover, only two of all the complexes conformations of this cyclodextrin with cholesterol gave favorable complexation energies, which could explain its diffi culty to form complexes and to extract this sterol. Methylated derivative of βCD with low degree of substitution (D.S. 0.5) proved to have the lowest affi nity towards cholesterol and the lowest solubilizing properties towards it. However, molecular modeling studies revealed that CD complexes, both 1:2 and 1:1, with cholesterol had the highest interaction or complexation energies [33] . 
Conclusions
Cholesterol complexation by cyclodextrins increases permeability of the mycobacterial cell wall and promotes penetration of antimycobacterial compounds inside. First results of the biological tests of antimycobacterial activity of the antimycobacterial compounds and their complexes with cyclodextrins have demonstrated that antituberculosis effi ciency of the studied substances changes in association with different cyclodextrins. Thus, β-cyclodextrin, one of the naturally occurring cyclodextrins, seems to enhance antituberculosis activity of the associated oxadiazole derivative, while sulfobutyl ether of β-cyclodextrin does not have this infl uence. This observation might be explained by the fact that sulfobutyl ether of β-cyclodextrin possesses certain level of charge of the molecule due to the presence of sulfobutyl ether groups, which makes it less suitable for cholesterol complexation than unsubstituted β-cyclodextrin.
